Context: Eye contact is a fundamental component of human social behavior. Individuals with fragile X syndrome (fraX), particularly male subjects, avoid eye contact and display other social deficits. To date (to our knowledge), this behavior in fraX has been studied only in female subjects, who show lesser degrees of gaze aversion.
T HE MAINTENANCE AND REGUlation of eye gaze during social interactions represent a fundamental nonverbal cue that we use to express intimacy, acknowledge hierarchy, regulate interactions, exercise social control, and facilitate communication to obtain services or achieve goals. 1, 2 A disruption in the ability to maintain, regulate, and perceive eye gaze has a profound influence on social development. 3 A striking characteristic of individuals with fragile X syndrome (fraX) is their propensity to avoid direct eye gaze during social interactions. Fragile X syndrome, the most common known form of inherited neurodevelopmental disorder, affects approximately 1 in 4000 male subjects and 1 in 8000 female subjects and is caused by a mutation to a single gene at Xq27. 3 . 4, 5 The mutation reduces production of the fragile X mental retardation protein (FMRP), which has been shown to be involved in the regulation of synaptic plasticity and function. 6 Although the disorder affects both sexes, male subjects with fraX usually have more serious manifestations of the syndrome because the mutation occurs on their single X chromosome. Behavioral investigations of individuals with fraX have shown that eye gaze aversion occurs approximately 80% of the time in male subjects and 60% of the time in female subjects during social interactions, 7 and male subjects with fraX demonstrate a distinct greeting behavior of a turned upper body and direct gaze avoidance. 3, [8] [9] [10] Neuroimaging studies of eye gaze processing in individuals with fraX may allow investigators to identify links among gene, brain, and social behavior. Although gaze aversion and the unusual greeting behavior are characteristic behavioral features of male subjects with fraX, the brain basis of gaze perception has not been studied in this group of individuals, to our knowledge. A study 10 conducted in our laboratory investigated the neural correlates of gaze processing in female subjects with fraX and found decreased activation in the superotemporal gyrus (STG) when viewing faces with direct vs averted gaze compared with age-matched control subjects. Another study 11 examined male subjects with autism, a population also noted for eye gaze avoidance, and found positive correlations between time spent fixating on the eyes and activation in the fusiform gyrus and amygdala.
Structural neuroimaging studies [12] [13] [14] indicate that individuals with fraX have aberrant morphologic structure of the fusiform gyrus, amygdala, and STG. Altered structure (and consequently function) of these brain areas has potential neurobiologic relevance for understanding gaze aversion in fraX. In particular, the fusiform gyrus, amygdala, and superotemporal sulcus comprise important elements of the neural circuitry underlying social cognition as related to processing of faces, emotion, and gaze, respectively. Other regions implicated in the neural basis of anxiety such as the insula, as well as frontal areas involved in emotion regulation such as the dorsolateral prefrontal cortex (DLPFC), are of particular interest to this study. 4, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In the present study, adolescent boys with fraX were compared with 2 control groups, typically developing (TD) adolescent boys and adolescent boys having developmental delay (DD) without fraX matched for age, IQ, and performance on a gaze perception task. The critical and novel comparison with the developmentally delayed control group provides insight as to whether aberrant neural activation observed in fraX is simply a function of general DD rather than specific to fraX. Based on converging data from behavioral and imaging studies of fraX, as well as emerging research on animal models, we predicted that participants with fraX in the present study would show abnormal activation profiles in brain systems related to gaze processing, arousal, and anxiety, as well as regions that modulate emotional responses and saccade activity, relative to the 2 control groups.
METHODS

SUBJECTS
Thirty-six boys participated in this study, including 13 Table 1 . Multivariate analysis of variance (MANOVA) and Bonferroni post hoc tests corrected for multiple comparisons were performed to examine any significant effects of diagnosis on the dependent variables of age and IQ. All groups were matched for chronologic age, and the fraX and DD groups were also matched for IQ. Written informed consent and assent were obtained from parents and participants, respectively. This study was approved by the Stanford University Administrative Panel on Human Subjects in Medical Research.
BEHAVIORAL ASSESSMENT AND GROUP CRITERIA
Intellectual functioning was assessed using the Wechsler Intelligence Scale for Children, Third Edition, 26 for participants younger than 17 years and the Wechsler Adult Intelligence Scale, Third Edition, 27 for participants 17 years and older. All diagnoses of fraX were confirmed by Southern blot analysis, 28, 29 and levels of FMRP were calculated based on methods described by Willemsen et al. 30 Criteria for inclusion of individuals with DD were a negative diagnosis of fraX (based on DNA testing), a full-scale IQ score of less than 85, and a score of less than 15 on the Autism Screening Questionnaire. 31 Participants with TD were included if they had a full-scale IQ score of between 90 and 130 and were free of significant psychiatric or behavioral problems based on a T score within 1 SD of the mean of a normative standardized sample on the Child Behavior Checklist for ages 4 to 18 years 32 and on the Symptom Checklist 90-Revised for ages 16 years and older. 33 Participants with TD were also selected to age match those in the fraX group. All subjects were noted to be right-handed except 1 individual with fraX who was left-handed and 3 participants with DD who did not complete a handedness assessment. Subjects with TD were excluded from the study if they took psychiatric medications. All psychiatric medications taken by participants having diagnoses of DD and fraX were preapproved for the study by a psychiatrist (A.L.R.) and included selective serotonin reuptake inhibitors (5 subjects with fraX and 1 subject with DD), norepinephrine and dopamine reuptake inhibitors (2 subjects with fraX and 1 subject with DD), methylphenidate hydrochloride (2 subjects with fraX and 3 subjects with DD), risperidone (1 subject with fraX), and divalproex (1 subject with fraX). Subjects were asked to discontinue stimulant medications 24 hours before imaging; however, 1 participant with DD was unable to comply for safety reasons.
TASK AND STIMULI
The functional magnetic resonance (fMR) imaging task was an event-related jittered design with 4 experimental conditions and a resting baseline. The 4 conditions were a combination of face and gaze directed toward or away from the subject as follows: (1) forward face with direct gaze (FD), (2) forward face with averted gaze (FA), (3) averted face with direct gaze (AD), and (4) averted face with averted gaze (AA). Stimuli consisted of color face photographs of 120 college-aged models with neutral facial expression against a common solid-color background taken at a distance of about 2 m (male to female ratio, 6.6:5.4; white to nonwhite race/ethnicity ratio, 9.3:2.7). Averted faces and gaze were turned approximately 45°away. The sex and race/ethnicity of the models were distributed similarly across the 4 conditions. There was a total of 30 trials per condition.
Each stimulus was presented for 1750 milliseconds, followed by a 250-millisecond duration fixation cross. The mean intertrial interval was 1570 milliseconds (range, 250-4250 milliseconds). For each trial, subjects were instructed to use the right index finger to press a button if the person in the photograph was looking at them and to use the right middle finger to press an adjacent button if the person was looking away from them, irrespective of face direction. Correct and incorrect responses and response times (RTs) were recorded if they occurred between 150 and 2000 milliseconds after the stimulus presentation. There were 2 runs, with each run lasting 4 minutes and 32 seconds. Behavioral measures for 1 participant with TD and for 2 participants with DD were unavailable because of a computer malfunction.
Task performance was assessed by percentage correct and RT for DirectGz (all conditions with direct gaze [FD and AD combined]) and for AvertedGz (all conditions with averted gaze [FA and AA combined]). Furthermore, to examine the effect of successively viewing stimuli with direct or averted gaze (relevant to our fMR imaging analysis of adaptation and sensitization, described in the "fMR Imaging Data Analysis" subsection of the "Methods" section), we calculated accuracy and RT for DirectGz stimuli when trials were not repeated (DirectGz-1 trial) or were repeated (DirectGz-2 trials). MANOVA and Bonferroni post hoc tests, to correct for multiple comparisons, were performed.
IMAGE ACQUISITION
All subjects participated in mock imaging to familiarize them with the imaging procedures. Images were acquired on a 1.5-T whole-body MR system (General Electric Signa; GE Medical Systems, Milwaukee, Wisconsin) located at the Lucas Center for Magnetic Resonance Spectroscopy and Imaging (Stanford University). The entire supratentorial brain was imaged at each of 272 time points. Eighteen axial-oblique sections (6 mm thick, 1 mm skip) were prescribed parallel to the anterior-posterior intercommissural line using a T2-weighted gradient-echo spiralpulse sequence sensitive to blood oxygen level-dependent contrast 34 with the following acquisition parameters: repetition time, 2000 milliseconds; echo time, 30 milliseconds; flip angle, 89°; field of view (FOV), 24ϫ24 cm; acquisition matrix, 64ϫ64 pixels; and voxel size, 3.75ϫ3.75ϫ6 mm.
fMR IMAGING DATA ANALYSIS
The fMR image processing and statistical analysis were performed using Statistical Parametric Mapping software (SPM2; Wellcome Department of Cognitive Neurology, London, England). Images were reconstructed and realigned to the reference functional volume. Images were normalized using the mean functional volume resampled to 2ϫ2ϫ2-mm voxels in Montreal Neurological Institute stereotaxic space and smoothed using a gaussian kernel of 4-mm full-width at half maximum.
Statistical analyses were performed using a general linear model, adapting gaussian random fields theory. Individual subjects' data were high pass filtered at 120 seconds, globally scaled, and analyzed using a fixed-effects model to determine areas with significantly greater activation for the contrast DirectGzϾAvertedGz.
Individual contrast images were then combined to perform group statistical analysis using a random-effects model. Withingroup activation maps were created using 1-sample t tests. Between-group comparisons were performed using 1-way ANOVA for the primary contrast, DirectGzϾAvertedGz. When there was a significant effect, post hoc analyses were performed by extracting the appropriate contrast estimates (linear combination of beta parameters) and by examining the direction of the effects using a Bonferroni correction for between-group comparisons and 1-sample t tests within each diagnostic group. This approach was performed to examine whether each group shows significantly greater activation for DirectGz compared with AvertedGz or vice versa, which cannot be discerned from the ANOVA.
To investigate the effects of successive presentations (DirectGz-1 trial and DirectGz-2 trials), we examined brain regions that demonstrated decreased (which we define as adaptation) or increased (which we define as sensitization) activation with repetition of DirectGz stimuli. Although the underlying neural mechanism is not completely understood, evidence suggests that this technique may be useful in elucidating dynamic changes in regional activation associated with specific perceptual and cognitive processes (eg, using this technique, others have shown that limbic regions fail to adapt to specific repeated emotion-related stimuli, while the fusiform gyrus, on the other hand, adapts to repeated face stimuli). 35, 36 Therefore, we performed adaptation and sensitization analyses to determine if individuals with fraX show abnormal repetition effects for directed, but not averted, gaze stimuli within brain regions associated with arousal, anxiety, or gaze perception. For each subject, we modeled the number of repetitions of DirectGz stimuli as stick functions (http: //www.poldracklab.org/teaching/psych254/psych254_lecture9 .pdf); DirectGz-1 trials were assigned a value of 1, DirectGz-2 trials a value of 2, and intertrial intervals and non-onset images a value of 0. This series of numbers was then convolved using the hemodynamic response function to create general linear models. In this study, one-third of all trials were repeated (one-sixth of trials for each gaze direction).
Region of interest (ROI) analyses, focusing on the STG and amygdala as a priori hypothesized regions, were performed for the ANOVA for DirectGzϾAvertedGz and for repetition to DirectGz. The ROIs were created using Automatic Anatomical Labeling software. 37 Contrast estimates were extracted from regions that showed significant effects in the whole-brain analysis and in STG and amygdala ROIs to interrogate the nature of the effect. Post hoc tests for these ROI analyses were performed using the same method as that described for the whole-brain DirectGzϾAvertedGz contrast. Regression analyses (Pearson product moment correlation r) were performed within each group to examine the associations between activation and task performance for DirectGzϾAvertedGz and for the repetition effects to DirectGz.
To investigate whether the effect of repetition was specific to direct gaze, control analyses were performed similar to those suggested by Grill-Spector et al. 35 Brain activation associated with repetition of other conditions, namely, AvertedGz (FA and AA) and DirectFc (FD and FA), was compared with that of the DirectGz condition.
Statistical thresholds of PϽ.001 uncorrected with an extent threshold of 10, as well as PϽ.05 small-volume correction, were used for whole-brain and ROI analyses, respectively. A threshold of PϽ.05 was used for other analyses based on extracted values from ROIs derived from whole-brain or a priori defined regions (ie, amygdala and STG). Coordinates of activation were converted from Montreal Neurological Institute to Talairach space using the mni2tal function (http://www.mrc-cbu.cam.ac.uk /Imaging/Common/mnispace.shtml). The x, y, z coordinates were then located using Talairach Daemon 38,39 and were confirmed using the Talairach Atlas. for DirectGz-2 trials (P=.04 for DD and for fraX), but no significant differences were observed between the fraX group and the DD group based on the number of repetitions (PϾ.99 for DirectGz-1 trial and DirectGz-2 trials). Measures of RT for the DirectGz-1 trial (F 2,33 =3.02, P=.06) and DirectGz-2 trials (F 2,33 =1.52, P=.24) showed no significant main effects of group.
NEUROIMAGING DATA Brain Activation Related to the Direction of Gaze
W i t h i n -g r o u p c o m p a r i s o n s o f t h e c o n t r a s t
DirectGzϾAvertedGz revealed significant activation in distinct regions in the fraX, TD, and DD groups ( Figure 1 and Table 2 ). The fraX group showed significant activation in the left anterior insula, the TD group in the right parahippocampal gyrus and the left medial frontal gyrus, and the DD group in the right midfrontal and parahippocampal gyri.
Whole-brain ANOVA for the DirectGzϾAvertedGz contrast revealed a main effect of group in the right cingulate gyrus (F 32 = 14.42), right midfrontal gyrus (F 32 =11.80), and left insula (F 32 =12.12) (PϽ.001 for all) (Figure 2 and Table 3 ). These 3 regions were extracted and analyzed for the direction of the effect within each region (ie, whether each region showed significantly greater activation for DirectGz, AvertedGz, or neither for each group) ( Figure 3A) . These results showed that the TD and DD groups had significantly greater activation than fraX group in the right midfrontal gyrus (P=.004 for TDϾfraX and PϽ.001 for DDϾfraX) and cingulate (PϽ.001 for both) DirectGzϾAvertedGz for the contrast; however, this was due to the fraX group showing a significantly greater response to the opposite contrast, AvertedGzϾDirectGz, in those regions. The fraX group demonstrated "negative" activation for the contrast DirectGzϾAvertedGz (ie, greater response to AvertedGz than DirectGz) in the right midfrontal gyrus (t 12 =−3.54, P=.004) and cingulate (t 12 =−4.83, PϽ.001). The TD and DD groups failed to show significant differences between these 2 conditions in the cingulate (P=.34 for TD and P =.29 for DD). However, the fraX group had a significantly greater response in the left insula than the TD group (P Ͻ .001) and the DD group (P = .001) to DirectGzϾAvertedGz. Activation in the left insula negatively correlated with performance on DirectGz trials for the fraX group only (r 12 =−0.59, P=.03 for fraX; r 13 =0.03, P =.93 for TD; and r 9 =0.13, P=.74 for DD).
Among the a priori hypothesized regions (bilateral STG and amygdala), only the STG showed significant effects of group using ROI analyses (P = .05 corrected, extracted values shown in Figure 3B ). Bonferroni post hoc tests showed that the TD group differed significantly from the other groups (P = .003 vs fraX and P Ͻ.001 vs DD). Abbreviations: See Table 1 for DirectGz and AvertedGz. * 
Change in Activation With Successive Presentation of Direct Gaze Stimuli
Regions that showed decreased (adaptation) and increased (sensitization) activation with successive DirectGz stimuli are summarized for each group (Table 4 and Figure 4 ). We found a significant main effect of group in the left precentral gyrus (F 32 = 18.87) and in the left dorsomedial thalamus (F 32 = 14.80) (P Ͻ .001 for both) ( Table 5 and Figure 5 ). Post hoc analyses of the contrast estimates extracted from significant clusters (Figure 6A) showed the fraX group to have significantly greater sensitization in the left dorsal thalamus with successive DirectGz stimuli than the TD group (PϽ.001) and the DD group (P=.03). The DD group showed significantly greater adaptation than the other groups with successive DirectGz stimuli in the left precentral gyrus (P Ͻ .001 for all). When assessed using 1-sample (ie, within group) t tests, only the subjects with fraX showed significant responses (sensitization) in both regions (t 12 =5.75, PϽ.001 for thalamus and t 12 =2.77, P=.02 for precentral gyrus), while the TD and DD groups showed significant responses (adaptation) in 1 region each (t 12 = 2.65, P = .02 for TD thalamus and t 9 =4.42, P=.002 for DD precentral gyrus).
We then performed ROI analyses in our a priori hypothesized regions and found main effects of group in the left amygdala and in the right STG (extracted values plotted in Figure 6B ). Bonferroni post hoc tests showed the fraX group to have significant sensitization in the left amygdala (P = .004). The fraX group showed a significant difference from both control groups only in the left amygdala, with greater sensitization in the fraX group than in the TD group (P =.006) or the DD group (P=.001). This region also showed significant negative correlation with performance on successive trials in the fraX group (r 12 =−0.56, P=.04 for DirectGz-2 trials), a trend toward a significant positive correlation in the TD group (r 12 =0.57, P=.05 for DirectGz-2 trials), and no relationship in the DD group (r 8 =0.006, P =.99).
Specificity of Adaptation and Sensitization Effects During Presentation of Direct Gaze Stimuli
Whole-brain ANOVA of AvertedGz and DirectFc conditions showed no significant adaptation or sensitization effects in the same brain regions that adapted or sensitized to DirectGz stimuli. This indicated an effect in those regions specific to DirectGz repetition.
COMMENT
This study demonstrates unique brain activation profiles in adolescent boys with fraX compared with agematched and age and IQ-matched male control subjects when viewing photographs of individuals with direct or averted gaze and when judging gaze direction. We found that individuals with fraX showed distinct activation and sensitization patterns for processing eye gaze relative to Abbreviations: DD, developmental delay; DirectGz, all conditions with direct gaze (forward face with direct gaze and averted face with direct gaze combined); fraX, fragile X syndrome; TD, typically developing. both control groups. Individuals with fraX demonstrated greater activation to direct eye gaze in regions associated with arousal and anxiety such as the insula and amygdala. In response to averted eye gaze, the fraX group showed greater activation in prefrontal regions known to be involved in executive processes, including saccade inhibition and decision making. Examination of the effects of successive direct gaze exposure revealed sensitization in brain regions related to arousal and perception in participants with fraX, including the amygdala, dorsal thalamus, and precentral gyrus. The fraX group did not show significant adaptation in any of the brain regions we analyzed. Previous neuroimaging findings among healthy volunteers indicate that a typical response to successive exposure is to decrease activation, 35, 36 which was the case in our study for the participants with TD in all regions except the left lentiform nucleus. These results suggest that adolescent boys with fraX have aberrant processing of direct gaze stimuli, including sensitization, in brain regions associated with anxiety and visceral arousal.
The hyperarousal of the insula to direct gaze, along with the sensitization of the amygdala during successive exposure, indicates an aberrant emotional response to direct gaze in subjects with fraX. However, because we did not collect measures of physiologic arousal such as heart rate or skin conductance, we are unable to make a more definite statement about emotional arousal to direct gaze stimuli in fraX. Activation of the insula has been shown to be involved in anxiety responses, visceral arousal, and attention. 18, 21, 23 The negative correlation between performance on DirectGz and insula activation indicates a relationship between anxiety and task performance in the fraX group. However, because a similar relationship is not seen in the DD group, with equally low performance scores, this association is not likely to be related to anxiety about poor performance but is more likely to be related to anxiety about direct gaze stimuli. Greater activation in a region noted for having a role in anxiety is consistent with the behavioral phenotype of male subjects with fraX when asked to make eye contact. 3, 7 When exposed to successive direct gaze stimuli, the fraX group demonstrated sensitization in the left dorsal thalamus, a region not only implicated in specific phobias but also thought to promote activation in other brain regions associated with visceral arousal such as the basal ganglia, insula, and amygdala. This suggests that the fraX group responded to successive direct gaze stimuli with increased rather than habituated anxiety. 41, 42 The fraX group also showed a significant sensitization effect in the left amygdala. The amygdala has been reported to be involved in gaze processing 20 and fear responses. 16 In addition, Strauss et al 43 showed that sensitization of the amygdala was associated with successive presentations of aversive stimuli (angry facial expressions) in healthy adults. Sensitization in a region known for fear responses provides additional evidence to suggest that the fraX group was not modulating their fear or anxiety but rather was intensifying such a response. We found a significant negative correlation between accuracy on successive trials and sensitization in the left amygdala in the fraX group. This result indicates that increased anxiety in the fraX group had a negative effect on task performance, similar to the performance correlation found in the insula. Much like our sensitization results, recent data in subjects with autism suggest heightened amygdala activation associated with time spent fixating on faces and eyes. 11 It is unknown whether subjects with autism also show sensitization of amygdala activation with successive eye gaze stimulation. Future studies are needed to differentiate fraX from (non-fraX) autism with respect to sensitization of the amygdala to eye gaze.
Other significant differences between the fraX and control groups were in regions noted for their role in executive function and social cognition. These were the activation patterns associated with the right midfrontal gyrus of the DLPFC and the right cingulate. The DLPFC is a region implicated for executive control, including saccade inhibition, prediction, working memory, 44, 45 perceptual decision making, 42 and modulation of emotional response.
17,46
The DD group demonstrated greater activation in the DLPFC to direct eye gaze, while the fraX group showed a greater response to averted eye gaze. These results suggest that similar cognitive processes in this region may have been used in the DD and fraX groups, although for different conditions. In addition, the fraX group showed greater activation to averted gaze in the rostral portion of the right midcingulate gyrus, while both control groups showed no significant effect in this region. Greater activation seen in the DLPFC and cingulate to averted gaze is important in analyzing the gaze avoidance pattern in fraX, as affected individuals have been reported to selectively avoid mutual eye contact but not indirect social gaze. 47 Recent research has described cortical control networks that involve the DLPFC, cingulate, and insula in tasks of inhibition and social cognition. 48, 49 Similar networks have been shown to have aberrant connectivity in individuals with high-functioning autism, another population demonstrating direct gaze avoidance. 50, 51 Future studies using functional connectivity methods would help explicate these networks in fraX.
Similar to a previous study 10 among female subjects with fraX, we found aberrant activation to direct gaze (greater averted gaze) in the right STG in the fraX group compared with the control groups. However, the present study found greater activation to averted gaze compared with direct gaze in the TD control group. This is opposite to the result in the DD group and to the result found in the previous study. The existing literature has not definitively determined if activation in the STG is greater for direct gaze or for averted gaze in healthy adults. 25, 52, 53 Limitations of this study include a small sample size, the absence of an age-and IQ-matched control group with autism, and a lack of correlated behavioral indexes of regional activation. The distinction between gaze avoidance features associated with fraX compared with autism is unclear because of the high prevalence of autism among the fraX population (approximately 25% among male subjects). 54 Future studies, including eye tracking and psychophysiologic monitoring, might help to clarify the association between brain activation, anxiety, and eye gaze behaviors in fraX.
In summary, our findings indicate aberrant neural processing during gaze perception and lack of neural adaptation to successive gaze stimuli in adolescent boys with fraX. This study shows that there are functional brain correlates to the striking gaze aversion behavior seen in this population, as well as a decreased ability of these individuals to adapt to direct eye gaze stimuli. It remains unclear whether the differences seen between the fraX group and the control groups are due to learned behavior or if their behavior stems from altered development of neural networks as a direct result of the fraX mutation. The most probable case is that gaze avoidance behavior develops as a consequence of genetic and neurobiologic influences interacting with "common" environmental conditions such as the contingent removal of social demands. 7 We believe that the challenge of understanding the multifaceted process of social cognition can be partially overcome by studying specific behavioral phenotypes (such as gaze processing) in more pathogenetically homogeneous populations such as those with fraX. 
